5d iridium oxides are of huge interest due to the potential for new quantum states driven by strong spin-orbit coupling. The strontium iridate Sr 2 IrO 4 is particularly in the spotlight because of the novel j eff = 1/2 state consisting of a quantum superposition of the three t 2g orbitals with nearly equal population, which stabilizes an unconventional Mott insulating state.
by polarized neutron diffraction in a magnetic field up to 5 T at 4 K, which strongly deviates from a local j eff = 1/2 picture. Once reconstructed by the maximum entropy method and multipole expansion model refinement, the magnetization density shows cross-shaped positive four lobes along the crystallographic tetragonal axes with a large spatial extent, showing that the xy orbital contribution is dominant. Theoretical considerations based on a momentum-dependent composition of the j eff = 1/2 orbital and an estimation of the different contributions to the magnetization density casts the applicability of an effective one-orbital j eff = 1/2 Hubbard model into doubt. The analogy to the superconducting copper oxide systems might thus be weaker than commonly thought.
Sr 2 IrO 4 possesses a tetragonal structure with I4 1 /acd space group, in which the IrO 6 octahedra are rotated by ≈11
• around the c-axis with an opposite phase for the neighboring Ir ions 17, 18 and it orders antiferromagnetically below T N ≈ 230 K 1 . Strong spin-orbit coupling (SOC) stabilizes an unconventional Mott insulating ground state, which is commonly described by a spinorbital product state within a so-called j eff = 1/2 model 1-4 . In this model, 5d electrons at the Ir 4+ (5d 5 ) ions occupy the t 2g states with an effective angular momentum l eff = 1, which are split by the relatively large SOC into a j eff = 1/2 doublet and a j eff = 3/2 quartet. The Coulomb repulsion induces a gap in the narrow half-filled j eff = 1/2 band, and stabilizes the Mott insulating state with the pseudospin j eff = 1/2 1, 3 , which consists of three equally populated orbital components in the t 2g band (Fig. 1a ):
While resonant and inelastic X-ray scattering 2, 5 gave credit to a description in terms of J eff = 1/2 states, this simple description has been questionned owing to the tetragonal distortion that is not negligible [6] [7] [8] . Strictly speaking, the j eff = 1/2 model is realized only for a perfect cubic symmetry.
In the presence of a tetragonal distortion accompanied by a compression or elongation of the octahedra, the t 2g band is split into three Kramers doublet states, which consist of the mixing between j eff = 1/2 and j eff = 3/2 states 3, 6, [8] [9] [10] .
In addition, a strong hybridization between Ir 5d and O 2p orbitals, which seems to be natural for a large spatial extent of 5d orbitals, has been proposed to account for a large reduction of the ordered magnetic moment 1 as well as for AFM exchange interactions between the nearestneighboring Ir ions and for the canted magnetic moments following the octahedral rotations 3, 10 .
The strong hybridization of the d-orbitals with the p-orbitals of the ligand oxygen is reminiscent of K 13 , and charge redistribution between adjacent IrO 2 and SrO layers has been revealed using electron spin resonance measurement 14 . Further, unusual magnetic multipoles have been proposed to be observed by neutron diffraction 15 and recently a hidden magnetic order having the same symmetry as a loop-current state has been observed by polarized neutron diffraction 16 .
The magnetic moments of Ir ions are confined in the ab-plane and track the staggered octahedral rotation in an − + +− sequence along the c-axis in the unit cell 17 . Owing to this canted AFM structure, each IrO 2 layer has a weak ferromagnetic (WFM) moment along the principal crystallographic axis in the ab-plane. At zero magnetic field, this WFM is compensated due to the − + +− at a given ion, in the iridates thanks to the spin-orbit coupling both positive and negative densities can coexist at the same Ir site (Fig. 1a ) 8 . To access this intra-atomic variation of magnetization density high resolution polarized hot neutron diffraction data are needed. Here we have performed PND (i) to establish the symmetry of the Ir 5d orbitals occupied by unpaired electrons and (ii) to check the presence of unpaired electron density on the oxygen ligand.
The typical experimental setup for PND, shown in Fig. 2a , consists of a neutron polarizer, a flipping device that reverses the incident neutron polarization, a magnet and a detector. The sample is magnetized by a magnetic field applied along the vertical axis and scattering intensities of Bragg reflections for the two opposite states (spin-up and spin-down) of the incident polarization are measured. They are used to calculate the so-called flipping ratio, allowing access to the Fourier components of the magnetization density, as
where F N is the nuclear structure factor and F M is the projection of the magnetic structure factor along the vertically applied magnetic field. p and e are the polarization efficiency of the polarizer and flipper, respectively, and α is the angle between the scattering and the magnetic interaction vector (see Supplementary section 2).
The flipping ratios R PND of more than 280 (hkl) reflections were measured in the weakly given by the uniform magnetization measurement 19 .
In the dipole approximation, F M (Q) is usually described by a smooth decreasing function of Q, the magnetic form factor, corresponding to a linear combination of radial integrals calculated from the electronic radial wave function. Instead in Fig. 2b , one observes a large distribution of the measured structure factor indicating unusually large anisotropy. That large anisotropy is explained by a predominance of xy-orbital as shown below using the reconstruction of the magnetization density in real space. The theoretical radial integrals j n for an isolated Ir 4+ ion 22 are also shown in Fig. 2b for comparison. We recall that j 0 describes a spherical form factor of the magnetic moment, while j 2 , j 4 and higher-order integrals are needed to describe the departures from spherical symmetry. As seen from Fig. 2 except for the (0, 0, l) reflections, decreasing gradually with increasing Q, the majority of reflections strongly deviate from any expected smooth curve.
Moreover, while the (0, 0, 4n), (2, 0, 4n) and (2, 2, 4n) reflections are close to the j 0 curve in a small Q region, the (1, 1, 4n + 2) and (2, 1, 2n + 1) reflections deviate from it quite strongly. This indicates an aspherical magnetization density, which is typical of ions with one or two unpaired electrons in the d-orbitals 11, 24, 25 . In addition, one can see that high-Q reflections like (4, 0, 0), Next, a real space visualization has been performed by a reconstruction of the magnetization density, using two different very well-established and widely used approaches; a model-free maximum entropy method (MEM) 26 and a quantitative refinement using the multipole expansion of the density function 27 . Both techniques have advantages and limits and should be employed where they are the most efficient. Typically, no assumption is made for the initial magnetization distribution in MEM whereas the d-orbitals shape is constrained in the multipole expansion.
Since the crystal structure is centrosymmetric, the magnetization density can be directly reconstructed from the measured magnetic structure factors by MEM 26 . Fig. 3a-d , shows the 3-dimensional magnetization density reconstructed by using a conventional flat density prior. There are three key features to be noted in the figure. First, the magnetization density at Ir sites has four positive density lobes directed along the a, b axes, corresponding to a dominant positive magnetization density of d xy orbital symmetry (Fig. 3b) . The two other components of the effective j eff = 1/2 state model, d yz and d xz , which would form an axially symmetric ring-shaped density with negative lobes above and below the xy plane (see Fig. 1a ), does not appear as seen in Fig. 3c,d .
Thus the WFM density originates predominantly from the xy orbital, at variance with a naive To confirm the symmetry found by MEM, multipole expansion model was perfomed for an alternative refinement of the WFM density. It is composed of radial and angular parts: Slater-type based on a spin-orbit generalization of the multi-orbital Heisenberg model, (see supplemental section 6). Key to our proposed effective low-energy model is the observation that the hole in the t 2g -manifold resides in a k-dependent effective α = 1/2 Wannier state ϕ k,α . We thereby account explicitly for the strong k-dependence of t 2g components in the j eff states revealed both by ab initio calculations 30 and photoemission experiments 31 . In terms of Fourier-transformed spin operators of such a hole, s i,α , the model is given by a Hamiltonian of the form
where J iα,jβ denotes the tensor of spin interactions in real-space. Away from half-filling, a similar t − J model in orbital space has been derived for iron pnictides 29 .
Solving such a model is beyond the scope of this work. However, to get a qualitative idea of the underlying physics, we proceed by making a few further assumptions. First, if we suppose that we only have to retain the diagonal terms of J, Eq.(3) decomposes into a sum of three Heisenberg models, one for each of the three t 2g components. Let us furthermore assume that we can consider each component separately. In this case, the spin exchange of the xz− and yz− components of J is essentially described by quasi-1D Heisenberg chains in x− and y−direction, suggesting an antiferromagnetic alignment at low temperature. In contrast, the xy−component is characterized by longer-ranged exchange of nearest neighbor (J 1 ) and next-nearest neighbor exchange (J 2 ). It is well described by the J 1 − J 2 Heisenberg model on the square lattice, which has a quantum disordered singlet ground state at zero temperature for 0.4
Here, the ratio is J 2 /J 1 ≈ 1/3 in close proximity to the disordered ground state phase, such that even small thermal fluctuations can destabilize an antiferromagnetic alignment and render the xy−component disordered.
As a consequence, in this picture the xy magnetic component aligns much easier along an external magnetic field than the antiferromagnetically ordered xz− and yz−components, which are less susceptible to such a perturbation. Projecting the magnetization density onto t2g components hence reveals a predominant xy-character, which follows the field direction in accordance with the measurements.
In summary, using PND we have evidenced a magnetization density distribution in Sr 2 IrO 4 that is inconsistent with the naive local j eff = 1/2 picture. The measured magnetic structure factor 
